I INTRODUCTION
Natural material consists of a variety of elements, from the lightest element hydrogen to the heaviest element uranium. Some of these elements are radioactive ones belonging to the four natural occurring decay series. Radon-222 (222Rn) with a half-life of 3. 82 d is one of the radioactive elements in the uranium-238 series. It is an inert gas and hence has little affinity to get chemically bound. After produced by alpha decay of radium-226 (226Ra), the 222Rn atom possesses a kinetic energy of 86 keV and stop after a short distance of recoil depending on the density and composition of the material, e. g. in common minerals 0. 02-0. 07pm, and in water and air 0.2um and 63um, respectively.1)
Radon-222
and its short-lived decay products in the atmosphere are the most important contributors to human radiation exposure from natural radiation sources. Within the soil, two different mechanisms of 222Rn transport should be distinguished: (1) diffusion, in which the 222Rn moves with respect to the concentration gradients in the soil, and (2) advection, in which the fluid itself moves through the porous medium and carries the 222Rn along with it. Either or both mechanisms may be important in a given place. 7) Therefore, the 222Rn flux from the soil surface will depend not only on the 226Ra concentration, but also on several meteorological conditions and soil parameters, such as precipitation, 8) Wind, 9) air pressure, 10, 11) soil temperature, 12, 13) soil moisture, 14, 15) soil porosity and soil permeability. 1, 16, 17)
On a large scale, the high variability of 222Rn concentration in soil is due to the variable concentration of 226Ra in the soil. However, even in small scale, there is considerable spatial and temporal variability of 222Rn in soil. Quantitative information on this small scale variability is required to estimate realistically the mean annual 222Rn concentration in soil from a limited number of measurements. 12, 18) The objective of this study is to enhance the understanding of the factors influencing the diurnal and seasonal variations of 222Rn concentration in soil. The results could be used to improve the prediction of the sampling time and method of the measurement of 222Rn concentration in soil that will be used to estimate the mean annual 222Rn concentration.
II BASIC BEHAVIOUR OF RADON IN SOIL
There are two main groups of factors that determine the concentration of 222Rn in soil:
(1) the parameters that determine the source potential of the soil, and (2) radon transport that determine the movement of radon in the soil. One of the equations to calculate the 222Rn concentration in soil19) is given by:
(a+LB)aCaaDba-aPaCQ -LBK(I)LdJLdJC%-(a+LB)AC Q+RApE, (2.1) where a is the volumetric air-filled pore space in soil, e is the volumetric water-filled pore space in soil, L is the 222Rn equilibrium distribution coefficient (Henry's Law constant in dimensionless form), Ca is the 222Rn concentration in air-filled pore space (Bqm-3), Db is the bulk 222Rn diffusion coefficient in soil (m2s-1), Kp is the bulk material air permeability (m2), v is the dynamic viscosity of air (Pas), P is the pore air gas pressure (Pa), R is the 226Ra concentration in solid material (Bqkg-1 dry mass), is the 222Rn decay constant (s p is the bulk dry density (kgm3), and E is the coefficient of 222Rn emanation into the soil pore. The factor of (a+LO) is physically corresponds to the effective porosity in which 222Rn is distributed in the gas-phase and liquid-phase components. The first term in the right hand side in Eq. 2. 1 represents diffusion in the bulk soil, and second term accounts for advection by the soil air. This equation implies that the equilibrium concentration is proportional with radium content and emanation coefficient, and inversely proportional with the pore space in soil for radon to reside.
III EXPERIMENTAL METHODS
The measurements were carried out over the period of more than two years since December 1999. In order to know the variations in a few weeks, the measurements of 222Rn concentration in several depths were done once or twice per day for at least eight days long. The measurement was carried out every two months from December 2000 to December 2001. By taking the soil air samples every four hours at least for one day long, the diurnal variations of 222Rn concentration in several depths were observed at 10 campaigns from December 1999 to March 2002. All of these measured data could be applied to analyze the seasonal variations of 222Rn concentration in soil.
Measurement of 222Rn concentration in soil
The experiments were carried out in the campus of Nagoya University (3509N, 13658E). The sampling point is about 2 m higher and 3 m far from a car park and about 10 m far from the nearest building. Figure 1 illustrates the schematic diagram of the equipment to take samples of 222Rn gas in soil. Stainless steel probes of inside diameter of 8. 9 mm were installed in a square area of 1 m X 1 m at depths of 15, 30, 50, 80, 120 and 200 cm at the beginning of December, 1999. The top of each probe was plugged with plastic cap. Soil gas was collected by a portable diaphragm pump into sampling bag (Tedlarpolyvinyl fluoride (PVF) or aluminum bags, GL Sciences Inc) via the stainless steel probes. The flow rate of collecting samples was 1Lm-1, and the sample time was 20s. Before sampling air into bag, the pump was turned on for a few seconds to evacuate the air in the tube. The soil gas collected in each sampling bag was then filled into an evacuated scintillation cell (Pylon Model 300A, Pylon Electronic Inc). After 3. 5 hours for equilibrium between 222Rn and its decay products, the alpha counts of the scintillation cell were measured with a portable radiation monitor (Pylon Model AB-5, Pylon Electronics Inc.).
Measurement of 222Rn flux and soil parameters
In addition to the measurements of 222Rn concentration in soil, some parameters correlating to 222Rn concentration in soil were also measured. Radon-222 flux was measured by the accumulating method with a chamber (L50 cm X W25 cm X H2O cm). Soil moisture was measured at the depth of 15 cm by a TRIME FM soil moisture meter (IMKO Micromodultechnik GmbH). The meteorological conditions such as wind speed, air temperature, humidity, rain fall, etc, were observed by the Gro Weather System (Davis Instruments Corp).
The soil parameters of bulk density, particle density, porosity and water content were measured by using Nakano's procedure. 20) The organic contents in soil were measured from the weight reduction by heating at 450C. The 226Ra concentration was measured by gamma spectrometry with a Gamma-X HP Ge Detector (EG&G Ortec). The soil permeability was measured using a portable permeability probe by the same procedure of Damkjaer. 21) The 222Rn diffusion coefficients in soil were measured using a soil 222Rn diffusion monitor, in which a soil sample was placed between two detectors. 22) IV RESULTS AND DISCUSSIONS 1. Soil Parameters Table 1 shows the soil parameters at Nagoya University measured using the methods as described in section 111. 2. The particle density was uniform from 0 cm to 65 cm in depth. The bulk density, porosity, and organic content show also uniform distributions until 65 cm except 0 to 5 cm depth. The 222Rn flux ranges from 2. 5 to 14 mBqm-2 with the average 7. 2mBqm-2s-1.
The calculation of the concentration of 222Rn in soil at the equilibrium state using Eq. 2. 3 with the soil parameters in Table  1 and emanation power of 0. 22 yields 42kBqm-3.
The value is in a good agreement with the measurement results which asymptotically approach to the value with depth. Figure  2 also shows the results of the 222Rn concentration profile in soil calculated using the Eq. 2. 1. The term for advection by the soil air were omitted in this calculation.
The soil parameters used in the calculation has been shown in Table 1 will be analyzed to find the factors that affect the 222Rn concentration in soil and flux of 222Rn.
Seasonal variations
From the Table 2 This characteristic is correlated with the precipitation pattern.
On June and October, the precipitations were high, while in
July to September were low. Beside that, when it rains in summer from July to September, the water easily evaporates due to the high temperature and solar incidence. This results less water in the deeper soil. sometimes higher than that at 120 cm. This characteristic may be due to discontinuous or layered structure of soil properties that affect the radon concentration such as soil porosity, water content, and 226Ra concentration. Figure 3 shows the average of 222Rn flux together with the variations of soil temperature, the precipitation, and water content in soil from February to December 2001. The value of 222Rn flux in each month was the average values of all measurements conducted at that month. Numbers of observations at April, June, August, and October were the same as shown in Table 2 , while at February and December were 16 observations (nine days) and 16 observations (eight days), respectively. The maximum value of 222Rn flux was observed in December and the minimum value in June. These values were opposite with the 222Rn concentration in soil. This may be explained that when the water blocked the 222Rn in soil, especially in soil surface, the concentration of 222Rn in soil would increase, but the 222Rn flux would decrease.
Day-to-day variations.
In this observation, the measurements were carried out every two months from December 2000 to December 2001. The 222Rn concentrations in soil were measured once or twice a day at least eight days per campaign. Figure 4 shows the result measured on 4 -15 October 2001. The figure shows an interesting tendency after two times of rainfall. After the first rainfall, the 222Rn concentrations at 15, 30 and 50 cm depths increased 9, 3, and 1. 3 times, respectively, i. e. from 1, 6, and 20 kBqm-3 to 9, 19, and 26 kBqm-3, then decrease in the following days. The air pressure on 4 October 2001 at 14 JST was 101. 0 and on 5 October 2001 at 11 JST was 100. 9 kPa. The second rainfall in the figure affected the concentration differently from the first one. Although quantification of the change in the concentration due to the rain could not be done since no measurement has been carried out just before the precipitation, it is clear that the increase was not as large as that of the first ram. The precipitation of the first and second rain was 18. 4 mm and 45. 4 mm, respectively. The rainwater may have affected the 222Rn concentration differently depending on its amounts. With large amount of precipitation, there is a possibility that the water could play a role to move easily 222Rn in soil by advection processes; therefore the concentration was not as large as the first case with smaller amount of precipitation. .
The influence of the precipitation and air pressure to 222Rn Table 2 Number of profiles, monthly average of the 222Rn concentration in soil (kBqm-3) and the 222Rn flux (rBq m-2s-1). Number of days the measurement made is shown in parenthesis. Fig. 2 The monthly average of 222Rn concentration profiles in soil.
Monthly average of 222Rn concentration in soil (kBq-m3) itself was difficult to identify since the depression is mostly followed by the rain. As described by KRANER et al., 8) the change of air pressure will effect a short range displacement of soil gas since there is a pressure differential between the atmosphere and soil gas at depth. As the barometer rises, 222Rn free air flows into the surface soil layers, displacing and forcing the soil gas initially in these surface layers to deeper soil. The opposite effect would occur during a falling barometer.
The variations values of 222Rn concentration in soil for this day-to-day observations show that the largest variation was in the depths of 15 and 30 cm, and the smallest was in the depths 120 and 200 cm.
Diurnal variations
The diurnal variations of 222Rn concentrations in soil were measured for more than 10 campaigns. In this observation, the 222Rn concentrations were measured every four hours at least for a day at the depths of 15, 30, 50, 80, 120, and 200 cm. The soil temperatures and other meteorological data also were measured. Figure 6 shows the one of the results of 222Rn concentrations in soil conducted on 23-24 December 2001. The 222Rn concentration in soil was about 5 kBqm-3 at the depth of 15 cm and about 35 kBqm-3 at the depth of 200 cm, and increase with the increasing the depths. Air temperatures ranged between 3 and 10C, the relative humidity in air was between 40 and 80%, and the air pressure was from 101. 45 to 101. 9 kPa. It seems that the 222Rn concentration in soil during night-time was slight lower than day-time especially at depth 15 cm.
The diurnal variation of 222Rn concentration in soil was the largest in the depth of 15 cm, and decrease with the depth. This shows that in shallow depths the 222Rn concentration was largely influenced by meteorological conditions, as wind, air pressure and air temperature. But, when each these parameters were correlated to the 222Rn concentration, the results failed. This is because of the composite influence of meteorological parameters could mask the effect of any particular parameter.
V CONCLUSIONS
The transport mechanisms of 222Rn in soil have been studied in the campus of Nagoya University (2) The 222Rn concentrations in soil were analyzed for seasonal-, day-to-day-, and diurnal variations. The variations of 222Rn concentrations in soil depths were larger in shallow (4) The large decreasing of air pressure during one day increased the 222Rn concentration in soil at the depth 15, 30, and 50 cm. The effects of soil water content were also observed.
(5) The diurnal variation of 222Rn concentration in soil was the largest in the depth of 15 and 30 cm, and decrease with the depth. It seems that the 222Rn concentration in soil during night-time was slight lower than day-time especially at depth 15 cm. There were still a lot of problems to know exactly the transport mechanisms of 222Rn in soil. The 222Rn concentration is affected by the water movement in soil. To know the actual effect of this phenomenon, it is important to make the experiment related to the water movement in soil. These studies will give comprehensive understanding about the 222Rn transport from soil into houses.
Radiation Protection Association, Hiroshima, Japan May, 
